Alphaviruses are enveloped viruses with highly organized structures. The nucleocapsid 19 (NC) core contains a capsid protein lattice enclosing the plus-sense RNA genome, and is 20 surrounded by a lipid bilayer containing a lattice of the E1 and E2 envelope glycoproteins. 21
experiments defined distinct groups of capsid foci in infected cells. We observed highly motile 28 internal puncta that co-localized with E2 protein, which may represent the transport machinery 29 that capsid protein uses to reach the PM. Capsid was also found in larger non-motile internal 30 structures that co-localized with cellular G3BP and viral nsP3. Thus capsid may play an 31 unforeseen role in these previously observed G3BP-positive foci, such as regulation of cellular 32 stress granules. Capsid puncta were also observed at the PM. These puncta co-localized with E2 33 and recruited newly synthesized capsid protein, and thus may be sites of virus assembly and 34 egress. Together our studies provide the first dynamic views of the alphavirus capsid protein in 35 living cells and a system to define detailed mechanisms during alphavirus infection. Vero cell culture (and thus the cellular staining patterns) were not fully synchronous, even if the 165 viral innoculum was prebound to the cells in the cold (data not shown). This is likely due to the 166 effects of the local population context including cell density (as described in 36). 167
For FlAsH/ReAsH pulse-chase labeling, cells were labeled with 5 μM FlAsH for 20 min 168 at 37°C. After one wash with DMEM, cells were incubated with Vero growth media for 0-1 h at 169 37°C, then labeled with 2.5 μM ReAsH as described above. 170
Immunofluorescence analysis. To stain for the capsid or cellular marker proteins, Vero 171 cells were infected or transfected as above, incubated at 37°C for 7 h, fixed with 3% 172 formaldehyde, and permeabilized with 0.2% Triton X-100 for 5 min at room temperature. G6046, Sigma), mouse anti-dsRNA mAb J2 (English & Science Consulting Kft.), and goat anti-178 eIF3 (sc-16377, Santa Cruz Biotechnology, Inc.). SINV E2 was detected using mouse anti-E2 179 mAb R6 and E1 was detected using mAb R2 (32). Preliminary studies showed that R6 180 recognized the ectodomain of the E2 protein on intact virus but not in cell lysates or detergent-181 solubilized viruses (data not shown), suggesting that the epitope correlates with trimer or lattice 182 assembly. Secondary antibodies were Alexa 488-or 568-conjugated (Molecular Probes). For live 183 cell staining, Vero cells were incubated for 30 min at 37°C with the R6 mAb, placed on ice, 184 washed and incubated with secondary antibody on ice, and fixed with paraformaldehyde on ice 185 for 30 min before imaging. Images were captured using a confocal microscope system (Duoscan; 186
Carl Zeiss MicroImaging, Inc.) with a 63X/1.4 NA oil objective and a 489-nm 100-milliwatt 187 diode laser with a 500-550-nm band pass filter for FlAsH or Alexa 488 and a 40-milliwatt 561-188 nm diode laser with a 580-nm long pass filter for ReAsH or Alexa 568. All the images were 189 prepared with Adobe Photoshop CS4 software (Adobe System, San Jose, CA). 190
Live cell microscopy. Live cells were imaged in imaging media (DMEM w/o phenol red 191 or bicarbonate (D2902 Sigma), 10mM Hepes, pH 7, 10% fetal bovine serum, 100U penicillin/ml, 192 and 100μg streptomycin/ml) using the 37°C environmentally-controlled chamber of the Duoscan 193 confocal microscope system described above. Images were prepared with Volocity 3D Image alphavirus, and our constructs were based on the SINV infectious clone dsTE12Q. 203
We first tested a previously described virus containing mCherry at the N-terminus of the 204 capsid protein (mCherry-dsTE12Q) (25, 26). We also constructed a similar virus in which 205 superfolder GFP was inserted at the capsid N-terminus (GFP-dsTE12Q). BHK cells were 206 immunostaining with an antibody against the capsid protein showed that cells infected for 7 h 214 with GFP-or mCherry-dsTE12Q virus contained unique cytoplasmic patches of fluorescence 215 that were not observed in cells infected with WT SINV (data not shown). Given that the sizes of 216 both GFP and mCherry are similar to those of the capsid protein (247, 250 and 264 amino acids, 217 respectively), it seemed likely that GFP or mCherry interfered with the assembly of viral 218 nucleocapsid and/or caused capsid protein aggregation. 219
As an alternative strategy, we tested insertion of the TC motif and its labeling with 220 biarsenical dyes (27, 39). This system has been successfully used to study the trafficking of the The alphavirus capsid protein assembles into NC with its N-terminal region located internally in 229 association with the viral RNA (43) and its C-terminal protease domain arrayed on the NC 230 surface (44). We therefore narrowed our target site selection to the C-terminal domain and the 231 region close to it in the hope of obtaining better dye accessibility. Within those regions of the 232 capsid protein, we selected specific sites (Table 1) that appeared more likely to tolerate insertions 233 based on the results of a whole genome transposon-mediated insertion screen of the alphavirus 234 Venezuelan equine encephalitis virus (45). Based on the structure of the SINV capsid protease 235 domain (46), our selected sites were all localized at the tips of flexible loops, in keeping with 236 their potential to tolerate a small insertion (data not shown). A series of TC-tagged SINV strains 237 was constructed and the viral growth kinetics were compared to those of WT SINV (Table 1) . 238
Most viruses with a TC tag inserted within the C-terminal capsid protease domain produced viral 239 titers at least 2 logs lower than that of WT SINV. The single exception was D113-TC, which 240 grew to a titer only 1 log lower than that of WT virus. D113 is located at the junction between 241 ReAsH. Among these, K97-and Q94-TC showed the brightest signal. Q94-TC was selected for 247 further studies. 248
Characterization of Q94-TC virus. BHK-21 cells were electroporated with WT or Q94-249
TC viral RNA and the kinetics of progeny virus production determined (Fig. 1A) . Efficient 250 production of both viruses was observed by 6 h post-electroporation, and titers reached maximal 251 levels by ~14 h. Similar results were observed when the progeny viruses were titered using an 252 infectious center assay on Vero cells, the cell line used for our imaging studies (data not shown). 253
The growth kinetics of Q94-TC were therefore comparable to those of WT SINV. 254
The assembly of virus particles was evaluated by pulse-chase analysis of BHK-21 cells 6 255 h after RNA electroporation. Cells infected with Q94-TC or WT virus produced comparable 256 amounts of viral proteins (Fig. 2 , lysate samples). The E2 precursor pE2 was clearly detected at 257 the 0 h chase time, and comparable maturation to E2 was observed in WT vs. Q94-TC-infected 258 cells during a 3 h chase. Analysis of media samples indicated that the budding efficiencies of 259 Q94-TC and WT SINV were comparable. The capsid protein in both Q94-TC media and lysate 260 samples migrated as a single band that ran slightly above the position of WT SINV capsid (Fig.  261 2), consistent with the stable incorporation of the 12-amino acid TC motif in Q94-TC. 262
The morphology of Q94-TC virus particles was evaluated by transmission EM of infected 263 BHK cells at 12 h post-electroporation (Fig. 3) . Abundant Q94-TC virus particles were observed 264 budding at the plasma membrane. Their morphology was comparable to that of WT virus, with a 265 particle diameter of about 70 nm and a dense NC core in the center (Fig. 3A vs. 3C ). In contrast, 266 the GFP-or mCherry-capsid viruses both produced aberrant particles (e.g., WT and Q94-TC-infected cells (data not shown). In addition, both WT and Q94-TC-infected 269 cells contained CPVII with associated NC (Fig. 3B and 3D ). Together all the evidence indicated 270 that the introduction of a TC tag at the capsid Q94 position did not cause detectable effects on 271 virus replication or progeny virus production. 272
ReAsH labeling specificity and effects of ReAsH labeling on virus assembly. We next 273 tested the specificity of ReAsH labeling and its effects on virus production. Vero cells were 274 infected with Q94-TC or WT viruses for 7 h and stained with ReAsH as described in the 275 methods. Vero cells were chosen for imaging given their efficient infection by SINV and flat 276 morphology. After labeling the cells were fixed, permeabilized, and stained with a mAb against 277 the capsid protein ( foci at earlier times of infection could reflect their formation at a certain point in the infection 297 cycle, or simply be due to their intensities lying below the detection limit compared to the 298 surrounding cytoplasmic capsid signal. 299
We performed a detailed analysis of the intracellular capsid foci by confocal microscopy 300 of Vero cells infected for 7-8 h, approximately at the start of exponential virus production (as 301 shown in Fig. 1 ). Q94-TC-infected cells were labeled with ReAsH at 7 h post-infection, fixed, 302 permeabilized and stained with mAb R6 against the SINV E2 protein (32). The cytoplasmic 303 capsid foci were separated into three groups based on their size, shape, approximate cellular 304 location and co-localization with E2. The first category of capsid foci (termed "small internal 305 capsid puncta") ( Fig. 5A ) co-localized with E2 in internal regions of the cell, and were small 306 (0.1-0.5 µm 3 ) and round in shape. In live cells, the small internal capsid puncta were highly 307 motile (data not shown). As they contain both capsid and E2 protein, we hypothesize that these 308 puncta are vesicles that transport both capsid and envelope proteins. Detailed studies using a 309 virus labeled in both the capsid and E2 protein are currently in progress to characterize the role 310 of these puncta in virus biogenesis. 311
A second category of capsid foci in internal regions of the cell (termed " irregular internal 312 capsid structures") ( (Fig. 5C ) was observed as 319 many discrete puncta at a focal plane that appeared close to the PM by confocal microscopy. 320
This class of foci (termed "PM-proximal capsid puncta") also co-localized with E2, and was 321 detected in all capsid foci-containing cells. 322
The irregular internal capsid structures co-localize with G3BP and nsP3. 323
Immunofluorescence analysis demonstrated that, unlike the other two classes of capsid foci, the 324 irregular internal capsid structures did not colocalize with either the E2 or E1 envelope proteins 325 (Fig. 5B and data not shown) . We therefore evaluated cellular markers that might be 326 characteristic of this group of capsid foci. The structures did not show co-localization with p115, 327 a marker of the Golgi complex, or with LC3, a marker of autophagosomes (data not shown). 328
However, our studies showed that all of the irregular internal capsid foci were strongly positive 329 for the Ras-GAP SH3 domain binding protein G3BP (Fig. 6A) . G3BP, a multifunctional RNA 330 binding protein, has been reported to be a key factor in the nucleation of cellular stress granules 331 (Fig. 6A, lower panel) . Consistent with this result, when Q94-338 TC-or WT-infected cells were stained with the anti-capsid mAb, the irregular internal capsid 339 structures co-localized with G3BP but not with eIF3 ( Fig. 6C and data not shown) . Together our 340 marker analysis suggested that the capsid-G3BP foci are not typical SGs or autophagosomes. We 341 do observe autophagosome induction and LC3-Q94 capsid co-localization at later times of 342 infection (data not shown), in agreement with the studies of Orvedahl et al. (25) . 343
Earlier studies reported that typical SGs are induced at early times (~2-4 h) of Semliki 344

Forest virus (SFV) infection and are disassembled at later times of infection when the cells 345 become positive for viral gene expression (49). Studies with SINV, Chikungunga virus (CHIKV) 346
and SFV showed that the viral protein nsP3 interacts with G3BP, sequesters it into cytoplasmic 347 foci and inhibits the formation of bona fide SGs (38, 50-52). We therefore tested the co-348 localization of the irregular internal capsid structures with nsP3 and dsRNA, a marker for the 349 viral replication complex. Approximately 80% of the dsRNA foci in SINV-infected Vero cells 350 were associated with the PM at this infection time, with some small dsRNA puncta in the 351 cytoplasm (Fig. 6A) . However, none of the dsRNA foci co-localized with the capsid protein. The 352 irregular internal capsid structures were also negative for nsP1 (data not shown) and thus 353 together these results suggest the structures were not associated with the viral replication 354 complex. In contrast, the nsP3 protein was detected in the irregular internal capsid foci (Fig.6B) , 355 suggesting that these structures represent the previously observed nsP3/G3BP foci reported to 356 function in inhibiting formation of bona fide SG (50, 52). 357
The role of NC assembly and E2 interactions in the generation of capsid protein-G3BP (Fig. 6C) . Thus, cytoplasmic NC formation is not required 363 for formation of these structures. The substitution Y400K in the cytoplasmic tail of E2 blocks 364 E2-capsid interaction, formation of CPVII, NC localization at the PM, and virus budding (7). 365
However, cells infected with TC-Y400K showed irregular capsid structures that colocalized with 366 G3BP (Fig. 6C) , demonstrating that interaction with the E2 protein was not necessary for 367 formation of the capsid/G3BP foci. Vero cells infected with the alphaviruses SFV and CHIKV 368 also express capsid/G3BP foci in the cytoplasm (data not shown), suggesting that formation of 369 these structures is conserved among alphaviruses. 370
Dynamics of the irregular internal capsid structures. The TC-tagged virus made it 371
possible to track the movement of the irregular internal capsid structures by ReAsH labeling of 372 Q94-TC-infected cells and live cell imaging. As shown by a representative time series (Fig. 7A) , 373 this population of capsid foci was relatively immobile. Similar results were observed in cells 374
infected with the TC-LL or TC-Y400K mutants (data not shown). 375
We then wished to address whether these immobile structures can still actively recruit 376 new capsid proteins. This question could be addressed by testing for an increase of fluorescence 377 intensity with time. However, the ReAsH dye is not very photo-stable, and the gradual bleaching 378 of fluorescence even using low laser power and short exposure times made it complicated to 379 directly quantify changes in fluorescence intensity (data not shown). Alternatively, fluorescence 380 recovery after photobleaching (FRAP) experiments could be used to follow delivery of labeled 381 ReAsH labeling was detected in the absence of chase, confirming that the FlAsH label is 390 complete (Fig. 7B upper panel) . In contrast, ReAsH-labeling was readily detected in the cells 391 following a 30 min chase (Fig. 7B lower panel) . In the chase samples the irregular internal capsid 392 structures were labeled with both FlAsH and ReAsH, suggesting that newly synthesized capsid 393 was being delivered into pre-existing capsid/G3BP/nsP3 structures. Thus, although these 394 structures were relatively immobile they were dynamic in acting as delivery sites for newly 395 synthesized capsid protein.
396
Characterization of capsid puncta at the plasma membrane. As shown in Fig. 5C , 397 distinct capsid puncta that colocalized with E2 were detected close to the PM, and were 398 particularly clear when focusing at the baso-lateral region of the cells. To address whether these 399 PM-proximal capsid puncta are actually localized to the PM, we labeled Q94-TC-infected Vero 400 cells with ReAsH and then performed immunostaining on ice to specifically detect the PM-401 localized pool of E2. Under these conditions, E2 was not detected inside the cells (Fig. 8A) , 402 confirming that only the PM pool was visualized. Strong co-localization of capsid ReAsH signal 403 and E2 protein was observed at the surface of infected cells. We will refer to this group of capsid 404 on August 30, 2017 by guest http://jvi.asm.org/ Downloaded from structures as " PM capsid puncta" from this point on in the text. Live cell imaging showed that 405 most of the PM capsid puncta were relatively immobile (Fig. 8B) . 406
Tests of TC-LL-infected cells (Fig. 9A) showed that the formation of the PM capsid 407 puncta did not require cytoplasmic NCs. In contrast, PM capsid puncta were not detected in TC-408
Y400K infected cells, indicating that the E2-capsid interaction was critical (data not shown). Our 409
earlier data showed that at this time of infection in Vero cells, the majority of dsRNA-positive 410 puncta were associated with the PM (Fig. 6A) . While we readily detected both dsRNA puncta 411 and PM capsid puncta at the baso-lateral membrane of infected cells, no co-localization was 412 observed (Fig. 9B) . Thus, the capsid puncta at the PM were not associated with the viral RNA 413 replication complex. 414
We then used FlAsH/ReAsH pulse-chase experiments as described above to address 415 whether the PM capsid puncta can actively recruit newly synthesized capsid protein. As early as 416 1 h after chase, newly synthesized capsid proteins were detected in PM puncta that were also 417 labeled with the FlAsH signal (Fig. 9C ). Based on their enrichment for viral structural proteins 418 and recruitment of newly synthesized capsid protein, our results suggest that the PM capsid 419 puncta are sites of virus assembly and budding. icosahedral lattice (53, 54). Given this organized NC structure, introducing the ~27kDa, 42Å 433 long β-barrel structure of GFP or mCherry (55) into the complete capsid protein is spatially 434 challenging. Insertion of GFP or mCherry at the N-terminus of the capsid protein did produce 435 infectious virus, but its growth was reduced by ~2 logs, and both constructs produced aberrant 436 particle morphology and capsid protein distribution. Aberrant budding of HIV GPF-Gag is 437 rescued by co-expression of WT-Gag (56, 57). We tested an analogous complementation strategy 438 for rescue of the budding defects in SINV GFP-capsid. We co-expressed the GFP-or mCherry-439 SINV infectious clone with the WT capsid protein, reasoning that the incorporation of WT 440 capsid might reduce the spatial hindrance in NC formation. However, even though WT capsid 441 protein was well expressed and displayed a normal cellular distribution pattern, it was not 442 efficiently recruited into the GFP-or mCherry-labeled virus (data not shown). The highly 443 symmetric structure of the alphavirus NC and/or the possible importance of cis-expression of 444 capsid and envelope proteins may limit such complementation approaches. We conclude that the 445 GFP-or mCherry-capsid virus does not accurately reflect the complete WT capsid pathway and 446 is not optimal for imaging studies of capsid dynamics. However, such GFP or mCherry-capsid 447 viruses have clearly been very useful tools to identify specific alphavirus-host protein 448 interactions that confirm using WT SINV (25, 26) . Although G3BP depletion by siRNA produces a small enhancement of SINV virus 519 production (69), the effect is relatively modest. This might be explained by the important roles 520 G3BP plays in mediating both initial SG assembly and subsequent SG disassembly. In contrast, a 521 SINV nsP3 mutant that fails to form nsP3/G3BP cytoplasmic foci or to dissociate SG displays a 522 relatively strong (2 log) decrease in virus titer (67). In this case, the robust inhibition of virus 523 growth could be due to initial SG formation in the absence of subsequent SG disassembly. We 524 speculate that the capsid protein in the nsP3/G3BP foci may play a role in the complex biology 525 controlling viral replication. Clearly, future studies will be needed to determine the mechanism 526 of capsid protein recruitment to G3BP/nsP3 foci, the potential interactions of capsid protein with 527 the components of these foci, and the role(s) of capsid in SG regulation and oscillation. 
